We report on thermoelectric transport measurements along the basal plane of several individual, single-crystalline Bi 2 Te 3 nanowires (NWs) with different cross-sectional areas, grown by a vapor-liquid-solid method. Lithographically defined microdevices allowed us to determine the Seebeck coefficient S, electrical conductivity σ, and thermal conductivity κ of individual NWs. The NWs studied show near intrinsic transport properties with low electrical conductivities of around σ = (3.2 ± 0.9) × 10 4 Ω −1 m −1 at room temperature. We observe a transition of the Seebeck coefficient from positive to negative values (S = +133 μVK −1 to S = −87 μVK −1 ) with increasing surface-to-volume ratio at room temperature, which can be explained by the presence of an approximately 5 nm thick Te-depleted layer at the surface of the NWs. The thermal conductivities of our NWs are in the range of κ = (1.4 ± 0.4) Wm −1 K −1 at room temperature, which is lower than literature values for bulk Bi 2 Te 3 . We attribute this suppression in thermal conductivity to enhanced scattering of phonons at the surface of the NWs. Despite their reduced thermal conductivities, the NWs investigated only show a moderate figure of merit between 0.02 and 0.18 due to their near intrinsic transport properties.
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Introduction
Nanoscale semiconductor materials hold great promise for applications in thermoelectric power generation [1] . The efficiency of thermoelectric materials is characterized by the dimensionless figure of merit
, where S is the Seebeck coefficient, σ is the electrical conductivity and κ is the thermal conductivity. Up to now, most common thermoelectric materials with a figure of merit close to 1 near room temperature (RT) are based on Bi 2 Te 3 [2] , a narrow band-gap semiconductor, which is also known to be a 3D topological insulator [3] [4] [5] [6] .
However, currently the efficiencies of actual thermoelectric devices are not high enough for reasonable use in commercial applications, such as waste heat recovery [7] . Nanostructuring opens a new perspective to further increase the efficiency of thermoelectric materials. Confinement effects in Bi 2 Te 3 quantum wells and quantum wires are expected to significantly enhance the thermoelectric power factor σ•S 2 [8, 9] . Testing the theoretical predictions would require single-crystalline nanostructures with well-defined chemical composition. This is particularly challenging for V-VI compounds, such as Bi 2 Te 3 , due to the small formation energies of vacancy or anti-site defects that can strongly alter transport properties [10] [11] [12] . In addition to modifying electronic properties the nanostructure approach towards high ZT values aims at reducing the thermal conductivity while maintaining the electrical conductivity [7] . The sizable reduction of the lattice thermal conductivity of nanostructures originates from increased surface boundary scattering of phonons. Such classical size effects have been reported, e.g., for single-crystalline Si [13, 14] and PbTe [15] nanowires (NWs) resulting in a drastic reduction of the thermal conductivity with decreasing diameter. Furthermore, surface roughness has been identified as an important parameter influencing thermal transport properties of NWs [16, 17] . Compared to the number of reports on various synthesis routes to thermoelectric NWs, systematic measurements of thermoelectric transport properties on individual NWs are still limited. Concerning the standard thermoelectric material Bi x Te x − 1 , only few NWs with large variations in chemical composition and transport properties have been reported, which reflects the experimental challenges for realizing both, well-defined chemical composition as well as reliable measurements on individual bismuth telluride NWs [18] [19] [20] [21] .
Here, we present thermoelectric transport measurements on individual (110) oriented single-crystalline Bi 2 Te 3 NWs, grown by Au-catalyzed vapor-liquid-solid (VLS) method. In contrast to our previously reported thermoelectric characterization of highly stoichiometric single-crystalline Bi 2 Te 3 NWs, which was achieved by a combination of catalytic growth and post-annealing in a Te-rich atmosphere [22] , in this work we focus on as-grown NWs exhibiting a Tedepleted layer at the surface. The rectangular cross-sectional areas of the NWs investigated varied between A = 30 nm × 48 nm = 1.4 × 10 −15 m 2 and A = 95 nm × 1370 nm = 1.3 × 10 −13 m 2 , and the influence of surface-to-volume ratio to the thermoelectric transport properties is analyzed. The measurements were performed in the temperature range between 20 K and RT. The employed microdevices were fabricated using a lithographic overlay process on individual NWs, which had been suspended over microtrenches. Our approach allows for the determination of the Seebeck coefficient S, electrical conductivity σ and thermal conductivity κ. The relative simplicity of our approach facilitates systematic studies on individual NWs.
Nanowire growth and structural characterization
The NWs were synthesized via the VLS mechanism in a three zone tube furnace (MTI, USA/OTF-1200X-III) equipped with a 3.14 inches diameter quartz tube. The source material, 10 mg of Bi 2 Te 3 powder (99.99% purity), and the growth substrate, Si with a native oxide covered with catalytic 30 nm gold nanoparticles (purchased from Ted Pella), were located in two different heating zones. The powder was thermally evaporated in the center zone at 540°C using a heating rate of 21°C per minute; the substrate was heated up to 400°C using a heating rate of 15°C min −1 , such that the target temperatures were reached simultaneously. A constant flow of Ar carrier gas (100 sccm, 99.999% purity) was used to transport the precursor vapor into the reaction region of the furnace. Before synthesis, the charged furnace was evacuated to below 10 Torr and flushed with Ar gas repeatedly to minimize oxygen contamination. After a reaction time of 2 h, the heating power of both heating zones was switched off. Under constant Ar gas flow and pressure, the furnace was returned to RT by natural cooling.
The dimensions of the NWs were determined by atomic force microscopy and scanning electron microscopy. The examined NWs show a rectangular cross-section with widths of 48-1370 nm, heights of 30-160 nm and lengths up to 15 μm. High resolution transmission electron microscopy (HR-TEM) reveals single-crystallinity and a (110) growth direction, along the basal plane, as shown in figure 1(a) . The selected area electron diffraction (SAED) pattern (upper inset of figure 1(a)) shows a hexagonal lattice. The contrast difference at the right hand edge of the NW displays a small step in height. As clearly seen in the lower inset of figure 1(a), the NWs exhibit a smooth, amorphous surface layer of approximately 5 nm. The thickness of the surface layer varies slightly among the NWs. In the transition area between single-crystalline core and amorphous surface layer, superlattice structures are found, which lead to Moiré patterns in the HR-TEM images and slightly smeared reflexes in the SAED pattern. Averaging the results of 5 individual NWs, we obtain a chemical composition of Bi 0.42 ± 0.03 Te 0.58 ± 0.03 . In the region of the surface layer, we observe an increased Bi content of up to 60 at.%, which is responsible for the slightly increased overall Bi content of 42 at.% ( figure 1(b) ). The composition of the single-crystalline core is Bi 0.40 ± 0.02 Te 0.60 ± 0.02 , which is in excellent agreement with the stoichiometric composition of Bi:Te = 2:3.
Device fabrication and measurement procedure
The as-grown NWs were transferred mechanically onto Si(100)/SiO 2 substrates with pre-etched trenches of 3 μm width and 300 nm depth (schematically illustrated in figures 2(a), (b)). The trenches were lithographically defined and etched into the SiO 2 using reactive ion etching, followed by sputter-deposition of an additional thin layer of SiO 2 to avoid leakage currents between the metal contacts and the Si substrate. Suspended NWs crossing a trench were contacted using a laser lithography system (Heidelberg Instruments, μPG 101). Prior to the sputter deposition of the contact materials (5 nm Ti and 80 nm Pt) we used in situ sputter etching with Ar-ions to clean the sample surface and to remove any native oxide from the NWs. The excess metal on the photoresist was removed using a standard lift-off process. By these means the NW is entirely covered with contact material at the two junctions. Figure 2 (c) depicts a scanning electron micrograph of a typical microdevice. As can be seen in the inset of figure 2(c), the suspended NWs slightly droop down as a result of cohesive forces during the spin coating process of the photoresist.
The microdevice consists of two four-terminal resistance thermometers, and a heater line to generate a temperature gradient ΔT across the specimen. Between the thermometers, the NW is suspended over a trench. The thermometer leads are in electrical contact to the NW allowing for electrical measurements on the NW. Typical dc powers applied to the heater were on the order of 150 mW, resulting in a temperature drop of approximately 1 K between the thermometers. The temperature coefficient of the resistance dR/dT of the thermometers is typically dR/dT ≈ 22 × 10 −3 Ω K −1 at RT. Using lock-in detection we obtain a temperature resolution of approximately 50 mK. To determinate the Seebeck coefficient S = −U th /ΔT, the thermovoltage U th was measured at different VLS grown NWs were transferred mechanically onto Si(100)/ SiO 2 substrates with pre-etched trenches. Electrical contacts to the suspended NWs were defined using a laser-lithography system. After development of the photoresist, in situ sputter etching with Ar-ions was used to clean the sample surface and to remove any native oxide from the NWs prior to the sputter-deposition of contact materials, followed by a standard lift-off process. (b) Microdevice employed for measuring Seebeck coefficient, electrical conductivity and thermal conductivity of individual NWs. The suspended NWs are electrically connected to two fourterminal resistance thermometers. For Seebeck measurements, a heater line was used to generate a temperature gradient along the NW. For electrical conductivity and thermal conductivity measurements, an alternating current was applied to the suspended NW and the first and third harmonic components of the voltage were measured, respectively. (c) Scanning electron micrograph of the microdevice. The inset represents a tilted view into the trench of the device with a tilt angle of 80°. The NW is suspended and slightly bended.
heating powers. The linear dependence between thermovoltage and temperature difference is shown in figure S1 of the supporting information. The electrical resistance of the NW includes the contact resistances between metal electrodes and the NW. By comparison with four-terminal measurements, we confirmed that the contact resistances were negligible. Linear IV-curves, exemplarily shown in figure S2 of the supporting information, indicate Ohmic contacts to the NW over the entire temperature range.
The suspended NW device is well suited for thermal conductivity measurements using the self-heating 3ω method. For this measurement, the NW itself serves as a heater and thermometer. The thermal conductivity can be derived from the third harmonic voltage component that results from the temperature oscillation of the NW generated by a sinusoidal heating current [23] [24] [25] . We employed a heating current at a frequency f = 277 Hz using the voltage output of a lock-in amplifier in combination with a 100 kΩ serial resistance. The first (1ω) and third (3ω) harmonic components of the voltage across the NW were measured simultaneously using two lockin amplifiers. To obtain the 3ω voltage that arises exclusively from the temperature oscillations of the NW, we subtracted spurious 3ω signals, measured using a serially connected 1110.1 Ω precision resistance that has a negligible temperature coefficient. The spurious 3ω voltage was below 10% of the total 3ω voltage.
Due to the μm-sized length of the NWs investigated, the 3ω measurements can be considered to be in the low-frequency limit (ωτ ≪ 1) where the thermal conductivity of the NW is given by [23] : where R is the resistance, dR/dT is the temperature coefficient, A and l are cross-sectional area and length of the suspended NW part, U 3ω is the 3ω voltage, and I is amplitude of the applied current. We measured U 3ω as a function of I 3 and deduced κ from the slope of a linear fit (compare figure S3 of the supporting information). The transport measurements were performed in a cryogenic probe station (Lake Shore, TTPX), as well as in a cryostat system (Quantum Design Physical Property Measurement System) at low pressures on the order of 10 −5 mbar, to avoid heat loss through convection.
We assume that thermal contact resistances at the junctions between NW and metal contacts are negligible due to the negligible electrical contact resistances achieved by Ar sputter etching of the oxide layer, and the large contact area and thermal mass of the metal leads. A rough estimate of the contribution from contact resistances is shown in the supporting information. 
Results and discussion
We determined the thermoelectric transport properties of 12 individual (110) . Due to the Te-depleted surface layer, which exhibits high electrical conductivity [22] , one might expect an increasing electrical conductivity with increasing surface-to-volume ratio. However, as is evident from the scatter in data points, a possible surface-to-volume ratio dependence of the electrical conductivity is probably outweighed by small variations in stoichiometry, defect concentration, and Te-depletion at the surface (compare section 2). The large error bars are due to uncertainties in the determination of the cross-sectional area of the NWs. Overall, the electrical conductivities are in the intrinsic regime and much lower compared to reported RT values of around (16 ± 5) × 10 4 Ω −1 m −1 for electrochemically grown Bi x Te x − 1 NWs [18, 19] . Furthermore, the average value σ = (3.2 ± 0.9) × 10 4 Ω −1 m −1 is close to σ = 1.4 × 10 4 Ω −1 m −1 , which has been reported for purest bulk Bi 2 Te 3 [2, 26] . Figure 3(b) shows the RT values of the Seebeck coefficient plotted against the surface-to-volume ratio. Despite the scatter of the data points that can arise due to the reasons mentioned above, we observe a clear trend of the Seebeck coefficient from positive to negative values with increasing surface-to-volume ratio. This trend can be explained by the Te-depletion zone at the surface, which shifts the Fermi energy toward the conduction band. Since the influence of this surface layer on the total transport properties increases with increasing surface-to-volume ratio, the Seebeck coefficient simultaneously changes from positive to negative values. In figure 4 , the Seebeck coefficient is plotted as a function of electrical conductivity. The solid curve is a model calculation based on the Boltzmann transport theory in relaxation-time approximation. We assumed bipolar conduction by electrons and holes in parabolic bands and considered RT properties of bulk Bi 2 Te 3 (for details see supporting information) [2, 27] . The NWs investigated fit to the intrinsic region of the model curve. It can be seen that small variations in the electrical conductivity result in a strong response of the Seebeck coefficient. Comparing the simple two-band model with our measured Seebeck coefficients, we obtain Fermi energies in the range between E F,min ≈ −0.076 eV and E F,max ≈ −0.057 eV with respect to the conduction band edge. These Fermi energies correspond to comparably small concentrations of electrons and holes of n e,min ≈ 5.17 × 10 17 cm −3 , n h,min ≈ 3.03 × 10 18 cm −3 and n e,max ≈ 1.08 × 10 18 cm −3 , n h, max ≈ 1.46 × 10 18 cm −3 . We assume that other size effects, which might contribute to the observed surface-to-volume ratio dependence, can be neglected. This becomes clear in [22] , in which we presented the thermoelectric transport properties of highly stoichiometric single-crystalline Bi 2 Te 3 NWs (without Tedepleted surface) with heights of 47-68 nm and widths of 96-389 nm, comparable to the NWs' dimensions in this work. Within the scatter of data points, we could not observe any size dependence of the Seebeck coefficient or electrical conductivity at RT. Figure 3 (c) depicts the thermal conductivity plotted against the surface-to-volume ratio. Within the large variation of values for NWs with similar surface-to-volume ratios, the thermal conductivities do not show a surface-to-volume ratio dependence.
However, the average value of κ = (1.4 ± 0.4) Wm −1 K −1 is well below the lowest thermal conductivity reported for bulk Bi 2 Te 3 in the basal plane, which is approximately 1.9 Wm −1 K −1 [2] , corresponding to a reduction of approximately 26%. In the intrinsic region of a semiconductor, the electronic contribution to the total thermal conductivity can be anomalously large due to bipolar conduction [28] [29] [30] . Therefore, we attribute the small observed thermal conductivities to a reduction in the lattice contribution to thermal conductivity from enhanced scattering of phonons at the surfaces of the NWs. Especially scattering of phonons at point defects, such as vacancy and anti-site defects, indicated by the increased Bi-content in the surface layer, are likely to reduce the lattice thermal conductivity in our NWs. Termentzidis et al calculated a reduction of lattice thermal conductivity in bulk Bi x Te x − 1 of about 20% for anti-site defected material with various stoichiometry, and even 70% reduction for a 4% concentration of Te atom vacancies, though for thermal transport perpendicular to the basal plane [12] . Furthermore, phonon scattering by strain could also contribute to the observed reduced thermal conductivities [31] . The increased Bi-content induces strain, which can result in the formation of superlattice structures (Moiré patterns) near the surface [22, 32] . In the lower inset of figure 1(a) , the HR-TEM image shows an oscillating contrast near the surface of the NW, forming light and dark areas with a period of a few nm, associated with strain contrast [32] . The area of the superlattice structure near the surface however slightly differs from NW to NW. Additionally, surface boundary scattering in the NWs could contribute to the reduced thermal conductivity compared to bulk samples. However, it should be kept in mind that over 80% of the lattice thermal conductivity arises from phonons with a mean free path below 10 nm [33] , which is significantly smaller than the characteristic sizes of the investigated NWs. Comparable reductions in thermal conductivity have been observed for electrodeposited Bi x Te 1-x NWs with diameters in the range of 55-100 nm, which has been attributed to surface boundary scattering [18] and grain boundary scattering [19] . Figure 5 shows the representative temperature dependence of the electrical conductivity (a) and thermal conductivity (b) of two NWs (cross-sectional areas of 259 × 155 nm 2 and 1370 × 95 nm 2 ). The electrical conductivity follows the qualitative trend of nearly intrinsic bulk Bi 2 Te 3 in the basal plane [30] . Though at RT, the electrical conductivity measured is slightly larger than the corresponding bulk value, the thermal conductivity is significantly reduced [30] . The thermal conductivity of the thicker NW shows strong temperature dependence, indicating that phonon Umklapp scattering is the dominating scattering mechanism, comparable with the temperature dependent thermal conductivity of bulk Bi 2 Te 3 in the basal plane [30] . Although the surface-to-volume ratio of the two NWs is almost the same, the thermal conductivity of the thinner NW is nearly temperature independent, suggesting point defect and boundary scattering at the NW's surface being the dominant scattering mechanisms.
For three of the twelve NWs investigated we could measure all three transport properties (electrical conductivity, thermal conductivity, and Seebeck coefficient), which allows for the determination of ZT. As expected in the intrinsic region and despite reduced thermal conductivities, the ZT values are small, in the range between 0.02 and 0.18.
Conclusion
We performed thermoelectric transport measurements on 12 individual single-crystalline (110) oriented Bi 2 Te 3 NWs with different cross-sectional areas. We employed a versatile microfabrication approach for determining the Seebeck coefficient S, electrical conductivity σ, and thermal conductivity κ of individual NWs, which enabled us to perform a complete ZT-characterization. The reduced thermal conductivities observed in our NWs compared to previous reports on bulk samples indicate enhanced scattering of phonons at the surface of the NWs. Due to the presence of an approximately 5 nm thick Te-depleted layer at the surface of the NWs, the Seebeck coefficient was found to decrease and switch from positive to negative values with increasing surface-to-volume ratio. This reflects the strong influence of the surface on thermoelectric transport in the intrinsic region of Bi 2 Te 3 NWs. To further improve the stoichiometry of Bi 2 Te 3 NWs, e.g., for investigation of topological surface states [34] or quantum confinement effects [9] in NWs, for which welldefined structures are essential, it is recommended to use postannealing in a Te-rich atmosphere as shown in [22] .
